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NATIONAL ADVEMSOR¥W»@OMMETPEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

A SIMPLE METEOD FOR BESTIMATING TERMINAL VELOCITY
INCLUDING EFFECT OF COMPRESSIBILITY ON DRAG
By Ralph P. Bielat

SUMMARY

A generalized drag curve that provides an estimate
for the drag rise due to compressibllity hes been obtained
from an analysis of wind-tunnel data of several airfolls,
fuselages, nacelles, and windshields at speeds up to and
above the wing critical speed. The airfolls analyzed had
little or no sweepback and effective aspect ratios above 6.5.
A chart based on the generalized drag curve is presented.
from which the terminal velocity of a conventional airplane
that employs a wing of moderate aspect ratio and very
little sweepback in =z vertical dive may be rapidly esti-
mated. In order %o use the chart, the only data that
need be known about the airplane are a low-speed drag
coefricient, the wing critical speed, and the wing loading.
The terminsl velocities for three airplanes were computed
in order to illustrate the use of the method and chart.
Good agreement between the estimated terminal velocity and
the measured flight terminal velocity was indicated for
all three airplanes.

INTRODUCTION

Several high-speed military airplanes in dives have
encountered difficulties that could not be easily con-
trolled by normal means. These difficulties, which may
consist of diving moments, large changes in trim, large
stick forces, teil buffeting, and the 1like, occur in high-~
speed dives when the speed of the airplane exceeds the
critical speed by a large amount. For those alrplanes for
which maximum diving spesds are at or near the critical
speed, little or no-trouble occurs. The more recent
fighter airplanes, however, have terminal Mach numbers
well in excess of the critical Mach number and, as a
result, often encounter difficulties in dives., Determi-
nation of the terminel velocity of the airplane is there-
fore important in or@gr_th&t tgelprobability of encoun-
tering trouble in dived™may e ostimabed.
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The terminal velocity is alao importaat because it
forms the ocuter limits of the V-G dlagvrsm. Usually the
outer limit of the V-G diagram 1s esteblishced by multi-
plyiang the msximum level-flight speed nf an airplane by
an arbitrary factor somewhat greater then 1.0, Yhe termi-
nal veiocity of most recent asilrplanes, howsver,. generally
£81ls much bselow this arbitrary meximum epesd, and these
ajirplanes are therelore unnecessarily penalized by extra
weight hecause they are designed for conditions that are
not reached in actual flight.

The preseat report outlines a simple method for
obtaining the terminal velocity of an alrplerne in & verti-
cal divs and incliudes an estimate for the drag increasse
due to compressitility effects. The wind-tunnel test data
were obtained from model tests conducted in The Langley
2li~inch and 8-foot high-apeed tunnsls. L11 the data
presented herein were obtained for zero 1ilt.

The problem of determining the terminal velocity for
sgirplanes for whnich the terminal veloclty is nesar the
critical speed is comparatively simpis inasuuch as a
constant value of drag coefficient can te assumed. The
diving speeds of most present-day alrplanes, however,
occur beyond the critical speed and the precblem is not so
simple. The following two fractors are involved: (1) the
determination of the critical speed and (2) the rate.of
drag increase at speeds above the critical speed.

The critical speed used herein was arbitrarily taken
as the critical speed of the wing-root section. Fressure-
distritution data obtained from wind-tunnel tests--were
used to determine the critical speed, which is defined as
the £light speed at which sonic velocity is reached
locally. If experimental data are not available, however
the methods outlined in references 1 and 2 can be used
for the determination of the critical speed. Selection,
of the critlcal speed at the wing-root section for use inr
terminal-velocity estimation is justified on the grounds.
that the root section usually has a lower critical speed
than any other component part of the airplane. The sing
root has the lowest critical speed because of lts_high
thickness ratio and contributss & large part of the tobal
airplene drag because of the large fractlon of the wing.
area concentrated at the inboard sectlonsof tapered wings,

The rate of drag increase at speeds above tfhe. cpiii-
cal speed is more Zdifflcult to determine in the calculation

!Im-. — v
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of the terminal veloclty than the critical spesd. A
study of the drag of airfolls, fuselages, nacelles, and
windshields has been made from wind-tunnel test data in
order to determine the effects of compressibility on the
drag. Bscause the rate of drag lncrease at speeds above
the critical speed is so great, it was found that, within
the accuracy required for terminal-vslocity calculations,
an average rate of drag increass may be used. A curve
indicating the average rate of drag increase 1s presented
herein. This curve was derived from an analysis of wind-
tunnel data. ' '

The method described herein for obtaining the termi-
nal velocity of en airplane in a vertical dive has been
in use at the NACA since 1941. Publication of the method,
however, had been delayed pending the investigation of
constriction corrections to be &pplied to ithe wind-tunnel
data and the completion of high-speed dive tests made
with several airplanes in order to compare terminal
velocities obtained in flight with terminal velocities
estimated by the simple method described herein. This
method is not applicable to airplanes that utilize wing
shapes of low aspect ratio snd lsrge sweepback but should
be applied only to airplanes of conventional design that
employ wing shapes of moderate aspect ratio and small
amounts of sweepback due to wing taper ratio.

SYMBOLS

v veloclty

speed of sound in air

M Mach number (V/a)

Cp drag coefficient

Cr, 1ift coefficient

o} mass density of air

S wing area

W weight of airplane

o) atmospheric pressure at any altitude
ST
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¥ ratio of specific heats (1.L40 for air)

t/c ratio of thickness to chord of wing
Subgcripts:

er eritical (when local sonic veélocity has been

reached on some point of body)

nmin minimun
T terminal

PESCRIPTION OF MODELS

Airfoil models.- The airfoil models used hereln
repregent two clusses of airfolls - nuwmely. the conven-
tional NACA sschtions and the more recent low-drag high-
critical-sneed NaCA sections. The conventional NACA alr-
foil sections are characterized by pressure distributions
that have high peak pressurses occurring near the leading
edge. The low-dreag NiACA airfoll sections have compara-
tively flat pressure distributions with the pealt pressures
oceurring at approximately 60 percent of the chord behind
the leading edge.

Airfoils typical of the conventional airfolls are
the NACA 0009-63, 0012-63, 23012, and 2301L.7 sectlons;
a current transport-model airfoll that has an Nala 2215
section at the rcot and tapers to an NACA 2212 sesction at
the tip; and the Davis airfoil with a thickness ratio of
20.15 percent. The low-drag airfolls include the following
NACA zirfoil sections:

16-215 65-type modified, % = 0.156
16-509 66,1-115
16-515 67-11L.5
y{=-215 :
67,0-215

65(218)-220

The effective %spect retio cf the airfoll models
tested varied from 6.5 to infinity.

Muselage models.~ The fuselage models are tyrical of
fuseldge snapes in uae on current airplanes. The varlous
fuselages represent bomber, fighter, and transport sir-
planes. Figure 1 shows the side~view drawing and the
fineness ratio in side elsvation of the different fuselage
shapes. These fuselage models were tested in conjunction
with wings (shown as _dashed lines in fig. 1) and represent
a wide variation in MTEE=IIYSM™E® interference.

GRNERaENe
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Nacelle and windshield modsls.-~ The data for the
various nacelles and windsnlelds were obtained from refer-
ences % and L, respectively. The nacelle and windshield
designations used herein correspond to the designations
used in references 3% and L. 411 the nacelle models wsre
tested with the same wing model, which consisted of the
outboard panel of a wing section designed for use on a
bomber airplane. The wing was a thlck low-drag alrfoil
that had an NACA 65(218)-221 section at the root and
tapered to an NACA 66(2x15)-416 section at the tip. The
windshields were tested with a wing-fuselage combination.
Dreawlings of the nacelle and windshleld models are shown
in figures 2 and 3, respectively.

RESULTS AND DISCUSSION

Drag Characterlstics

Drag analysis.- In order to obtain a correlation of
the rate oi drag increase at spesds above the critical
speed, the drag results for the various component parts
of the airplane have been reduced to nondimensionsl param-
eters; that is, CD/CDmin i1s plotted against M/Mgp

for each part tested. The use of these parameters
represents a convenient method of maling the data non-
dimensional in such a manner that the unknown gquantities
are expressed in terms of the known dquantities.

The dreg results at speeds up to &and above the criti-
cal sveed for the conventional IJACA airfoils are presented
in figures L. and 5. Figures 6 to 9 show the variation of
CD/CQHin with M/Mg, for the low-drag high-critical-

apeed airfoils., It will be noted that all the airfoils
presented in figures li, 6, 7, and 8 exhibited approxi~
mately the same rate of drag increase at speeds above the .
critical speed; for this reason a curve of the average
rate of drag increase at speeds above the critical speedmaybe
used. An average incresse in drag of approximately 30 per-~
ceht abové the minimum drag was indicated at M = 1.0;

cr -
at gpeeds of only 10 to 15 percent above the critical
speed, however, the drag increased. approximately GO
to 200 percent. This rapid increase in drag at speeds
above the critical speed is associated with the formation
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of compression shock waves and theilr effect on the boundary
layer over the surface of the airfoils. The family of
airfoils used in rigure 5 showed less percentage of
increase in drag at the critical spesed than the NACA 0009,
0012, or the low-drag high-critical-speed airfoil sections.
Both published (reference 5) and unpublished high-speed
data show that the NACA 230-series airfolls differ from
most of the other alrfoils in that the critical speed can
be exceeded by as much &s 0.15 in Mach numnber before any
serious changes in the aerodynamic characteristics of the
airfoil occur. The critical speed of the NaCa 230-series
airfolls is therefore exceeded by approximately 7% percent

before the same pesrcsntage of increase in drag occurs &s
is shown for the other alrfoils. The Importsnce of this
difference in thes shave of the dreg curve above the criti-
cal speed on the estimation of termianal wvelocity ls dis-
cusseﬁ in the section entitled "Terminal-Velocity Calcula-
tion.

The rapid increase in drag vefore the critical sneed
1s reached, which is shown for the NACA 67-11l.5 airfoil
in figure 9, is due to early separation of the flow over
the after nortion of the airfoll. Tanis condlition also
affects the method for estimating the terminal wveloclity.
An error in estimating the terminal velccity when the
flow separates wlll occur only for those airplanes for
which terminal velocities are at or nesr the critical
speed; this separation of flow will not appreciably alfect
the determination of the terminal velocity for high-
performance alrplsnes for which the terminsl velocity
occurs at speeds well above the critical spesed.

Figure 10 shows the variation of CD/CDmin with

M/Mgp for several fuselage shapes and fineness ratios,

The drag increments for the nacelles and windshields are
presenitsd in figures 11 and 12, respectively. The criti-
cal spesds fer these bodles were based cn the wings wlth
which the nodels were tested and were determined for ths
wing-root juncture. The effect of compressibility on the
rate of drag increase at speeds above the wing critical
speed for thiese bodies is similar to that for the air-
foils.,

In the correlation of the average drag increases of

cor
the various compos.ents of the alrnlane throuzhout the
Mach number range, a generalized drag curve was derived
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and 1s presented in figure 13, The data presented in
figures L, 6, 7, 8, 10, 11, and 12 were used to obtain

the generalized drag curve. Thse generalized drag curve

is an average of the drag data for the airfolls, fuselages,
nacelles, and windshields at speeds up to 10 percent

above the critical speed. Only the average drag of the
airfoils at speeds from 10 to 15 percent above the criti-
cal speed was used. The generalizZed drag curve was extra-
polated by use of a straight-line extrapolation from 15

to 25 percent above the critical speed. The straight-
line extrapolation is bhelieved to be sufficiently accurate
for estimation of the terminal velocity 1in this region
where the drag rises rapidly due to compressibility
effects.

Constriction corrections,- Corrections for constriction
effects have been appnlied to the data. The constriction
correctlions have been determined from pressure measure-
ments obtained in the Langley 2li-inch and 8-foot high-
speed tunnels on NACA 0012 egirfolil models of wvarious
gsizes. The magnitude of the corrections applied to the
drag coefficients amounted to less than one-half of 1 per-
cent of the Cynamic pressure q at low speeds and
increasesd to approximately 2 percent of g at the criti-
cal speeds and to approximately 5 percent of q &t a
value of the lMach number below the choking speed of the
tunnel. The corrections to the Mach numhers amounted to
approximately one-~half of these values. The constriction
corrections were such that the coefficients were reduced
and the Mach numbers were increased by the values atated.
The greatest percentage of increase in correctlon, as
would be expected, occurred for the models that had the
largest ratio of model area to tunnel area.

Comparison with flight data.- Figure 1l shows the
variation of over-all crag coeificient with Mach number-
for the XP~51 airplane as measured in flight and the
variation with Mach number of the wing-profile drag at
themid-semispan station measured by the wake-survey
method. These flight data are preliminary as corrections
to the data have not been applied. The results obtained
by use of the gensralized drag curve in estimating the
drag increases with Mach number are also shown in fig-
ure 1& for comparison with the flight measurements of
over-all drag and wing-prorile-drag data of the XP-51 alr-
plane. The curves for the wing-profile drag and the over-
all alrplane drag in flight begin to rise rather steeply
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at ebout the same Mach number. This fact tends to justify
the assumption that the wing-root critical speed is a
suitable criterion to use in terminal-veloclity calcula-
tions. The estimated drag derived from the generalized
drag relation indicates higher drag coefficients at Mach
numbers of avproximately C.55 to 0.75 than are shown for
both the measured wing-profile drag and the cover-all drag
coefficients. Of more importance, however, 1s the good
agreement that is shown for the values obtalned by use of
the generalized drag curve and the msasured flight data
at Mach numbers greater than 0.75, which is the reglon
where the terminal Mach number usually occurs,

Figure 15 shows a comparison of measured flight drag
and estimated drag for the XPZA-2 airplane of reference 6.
An important difference in the drag curves occurs at Mach
numbers around the critical Mach number. The estimated
drag indicates lower drag coefficients than do tue flight
measurements. This difference is believed to be due to a
combination of early shock formation on the cowling and
airplane-wing roughness, which ia believed to have caused
some separation of the flow. Good agreement is incdicated
between the flight measurements and the estimsted cdrag in
the region where the drag coefficients rise steeply, which
is the region that determines the terminal Mach number.

Terminal-Velocity Cealculation

The generalized drag curve (fig. 13) mayv be used as
an approximation in determining the terminal velocity of
an girnlane in a vertical dive. The terminal veloclty 1ls
reached when the drag of the airplans is egqual to the
weight of the alrprlane. The drag of the airplane in a
dive combines both aliplans and proveller characterlistics.
In the present analysis, however, zero propeller thrust
is assumed and the propeller drag or thrust is therelfore
neglected. 4t supercritical speeds the drag or thrust
caused by the propeller is considered to be neglizgible as
compared with the drag of the alrplane, particularly 1if
the pilot throttles the engine and adjusts the propeller
to a high blade-angle position.

The terminal velocity for zero-1lift conditlons 1s
glven by the relation
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_ {w 2 1 |
Vo FAS 3= | (1)

or, in terms of the terminal Mach number Mm with the

speed of sound equal to | IB,

M = Yg ¥zl | (2)
T s S Y p 0Oy '

Equation (2) can be rewritten in the form

vy 2 1 1 1.
e =¥s Y50 Cp /C
- N Dmin D/ Dyin

VE W 1

= e = -

T PSCnysp On/CDpig

where -——— 1is constant for each airplane at the

altitude for which Mp 1is calculated and

o ()
p er/

which is obtainable from the generalized drag curve.
Equation (%) can then be solved for the parameter
W

pSCDmin

various values of Mgy and

. Pigure 16 shows sclutions of equation (3) for
W
SC )
P Pmin

In computations of the terminal velocity, the only
data that must be known about the airplane are the minimum

e
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drag coefficlent at zero (or approximately zero) 1lift
coefficient or a low-speed drag coefficient whereby the
minimum drag coefficient can be computed by use of the
generalized drag curve, the wing critical speed, and the
wing loading. Values of these quantities, all of which
are used in calculations other than those for the terminal
velocity, sre easily obtained. With these values known
W

[aTe)
PeVDimin
calculated for different altitudes; then, for given values
W

psCDmin

obtained by use of figure 16.

for a particular alirplane, the paramster can he

of M¢p and , Tthe terminal Mach number can be

In order to illiustrate the method of obtaining the
terminal wvelocity graphically, the terminal velocitles
have been calculated for the XF24-2, P-39N-1, and P-L7 alr-
planes. The pertinent data for these airplanes are glven
in the following table:

TABLE I

ATRPLANE DATA

' W
i ¢ —
Alrplane L D . S
min (1b/sq £t)
XF24-2 10.61 (flight) 0.022 (flizht) 26.1
.66 (corrected)
P-39N-1 {0.675 (estimated) !0.018 (estimated)| 3k4.1
;
P-7 {0.€4 (wind tunnel): 0.020 (flight) 5.0
! .69 (corrected) | i
! )
By use of these data the parameter W is
pECn

computed for each airplane.

P-li7 alrplane at 15,000 feet altituds.

min

The use of Ffigure 16 to
estimate the terminal Mach number is illustrated for the

The variation of
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terminal Mach number with altitude thus obtained for the
three airplanes ls presented in figure 17.

Also included in figure 17, for comparison with the

estimated variation of terminal Mach number with altltude,
are records of flight data for the XF2A-2, the P-47,
the P~L7C~1-RE, and the P-39N-1 airplanes. The flight
record for the P-17C~-1-RE airplane was obtained by the
late Major Perry Ritchie in a terminel-velocity dive made
at Wright Field in July 1943. The points represented by
circles were obtained from a dive of a P-L.7 airplane made
by a test pilot for the Republic Aviation Corporation.
Unfortunately, & complete dive history is not available
for this dive but it is believed that, had one been
avaellable, it would have followed a path similar to that
obtained by the late Major Ritchie for the P-L7C-1~-RE air-
plane. It is further believed that the test points
obtained at altitudes of 22,000 feet and 10,000 feetb
represent entry into and pull-out from the dive, respec-~
tively. Data for the XP24-2 airplane were obtalned from
reference 6 and the data for the P-39N-1 were obtalned
from dive tests made at Ames Asronautical Laboratory. The
present method for estimating the terminal Mach number
yields results that compare favorably with the flight
measurements; the difference between the two is no greater
than 0.02 in Mach number. This method for estimating the
terminal Mach number is therefore believéd to be suffi-
ciently accurate for usual engineering purposes.

The section entitled "Drag Characteristics" indicates
that the NACA 23%0-series alrfoils and airfolls similar to
the NACA 230~series could exceed the critical speed by
approximately 0.05 to 0.15 in Mach number before any
important changes 1in the aerodynamic characteristics

occurred. At ﬁﬂ_ = 1.0, therefore, the NACA 230-series

‘er
airfolls and similar airfoils did not show the same
percentage increase in drag as was shown for almost all
the other airfolls and for the generalized drag curve.
Since in the calculation of the terminal velocity the
critical speed of the alrplane is based on the critical
speed of the wing, it can be expscted that for airplanes
utilizing NACA 230-series airfoll sections or similar
sections the estimation of the terminal velocity will be
in error. If the generalized drag curve is used in the
estimation of the terminal ve]ocity, the indicated wing

L % g v P

critical speed must be anreased approximately 7— percent
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for the NACA 230-series sections. This correction was
anplied to the critical speeds of the P-UL7 and XF24-2 air-
planes (see table 1), since these airplanes have NACA 230-

ser

ies sections. The dashed curve on fizgure 17 for

Mer = 0.6 1is the result obtained if the indicated criti-
cal Mach number is used ratheg than the effective critical
Mach number, which is about 75 percent higher.

Langley Memorial Aeronsutical Leborsatory

Natlional advisory Committee for aeronautics
Langley Field, Va.
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Figure 9 .- Variation of ratio Cp[Cp,,, with AA[Ncr
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Figs. 11,12 NACA ACR No. L5G31
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Figure 17 .- Comparfson of estimared variation and flight variation of rerming/ Mach
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